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The reactivity of noble gas elements is important for both fundamental chemistry 
and geological science. The discovery of the oxidation of Xe1-3 extended the doctrinal 
boundary of chemistry that a complete shell is inert to reaction.4,5 The oxidations of 
Xe by various geological substances have been researched6-10 in order to explain the 
missing Xe in earth atmosphere.11-14 Among many proposals,14-17 the chemistry 
mechanisms are straightforward as they identify chemical processes that can 
capture Xe in earth interior. However, all the mechanisms based on current noble 
gas chemistry face the same difficulty: the earth lower mantle and core are rich in 
metals and therefore their chemical environment is reductive. On the other hand, up 
till now, the opposite chemical inclination – the reductive propensity, i.e. gaining 
electrons and forming anions, has not been proposed and examined for noble gas 
elements.18 In this work, we demonstrate, using first principles calculations19 and an 
efficient structure prediction method,20,21 that Xe and Kr can form stable Mg-Xe 
and Mg-Kr compounds under high pressure. These compounds are intermetallic 
and Xe or Kr is negatively charged. We also find that elevated temperature has 
large effect in stabilizing Mg-Xe and Mg-Kr compounds. Our results show that the 
earth has the capability of capturing Xe but not Kr, which is consistent to the 
depletion of Xe in earth atmosphere. The stability of these compounds suggests that 
chemical species with completely filled shell may still gain more electrons filling 
their outer shell in chemical reactions.  
 
Our work is based on accurate density functional calculations, which have been 
successfully employed in predicting novel compounds and structures under pressure for 
numerous times.22-24 Since the structures of these Mg-Xe and Mg-Kr compounds are 
unknown, we employ a non-biased automatic structure search method based on the 
particle swarm optimization (PSO) algorithm. The method can search for stable structure 
across the entire potential energy surface derived from DFT calculations.20,25 This method 
has recently been successfully applied to predict structures of many systems.21,24,26,27  
 
Six compositions are studied for Mg-Xe and Mg-Kr compounds, including 
MgXe2, MgXe, Mg3Xe2, Mg2Xe, Mg5Xe2, Mg3Xe and similar compounds for Mg-Kr. 
After a thorough structure search under pressures from 0 GPa to 300 GPa with a step of 
50 GPa, we find that the stable Mg-Xe and Mg-Kr compounds always adopt very simple 
structures, namely the stacked square lattices at the center sites (Figure 1a). The simplest 
structure of this kind is the CsCl structure, which is adopted by MgXe and MgKr at 
pressures higher than 100 and 250 GPa, respectively (Figure 1b). It can be viewed as an 
alternative stacking of Mg and Xe (Kr) square lattices at the center sites.  At lower 
pressure, the double stacking (MgMgXeXe) with space group of P4/nmm is the most 
stable structure for MgXe and MgKr (Figure 1c). The most stable structure of Mg2Xe 
(Mg2Kr) under high pressure consists of a stacking sequence of MgMgXeMgMgXe. The 
corresponding structure is in I4/mmm space group (Figure 1d). Similarly, the other 
compositions also consist of the stacking of the Mg and Xe (Kr) square lattices 
(Supplementary Information Figure S1). Under higher pressure, the Mg and Xe (Kr) 
layers tends to intercalate into each other, whereas at lower pressure, they tend to 
segregate, indicating a tendency of decomposition into Mg and Xe (Kr).  
 
Many binary intermetallic compounds are found to adopt a structure of stacked 
hexagonal lattices. Mg-Xe and Mg-Kr are the first to be found adopting structures of 
stacked square lattices.  Under increasing pressure, not only does the volume of these 
compounds reduce, but the shape of the unit cell representing by the c/a ratio also 
changes. Except CsCl structure (c/a=1), the cells are longer in c direction under ambient 
pressure. Increasing pressure reduces the elongation in c direction. For some structures, 
the unit cell becomes more compressed in c than in a and b directions under very high 
pressure (Figure S2).  
 
In order to compare the stability of Mg-Xe and Mg-Kr compounds with different 
composition, the enthalpy of formation per atom is calculated using the following 
formula for Mg-Xe: 
! 
hf MgnXem( ) = H MgnXem( ) " nH Mg( ) "mH Xe( )[ ] / n +m( ) ,22,26 in 
which H is the enthalpy of the most stable structure of certain composition at the given 
pressure. The results are shown in the form of convex hulls in Figure 2, which presents 
the stability of Mg-Xe and Mg-Kr compounds at high pressures and zero temperature. 
The compounds located on the convex hull are stable against the decomposition into 
other compositions, whereas the compounds that are above the convex hull are not stable 
and will decompose into the compounds located on the hull.  
 
As shown in Figure 2a, Mg-Xe compounds are not stable under pressures lower 
than 150 GPa. At higher pressure, all Mg-Xe compounds have negative enthalpy of 
formations. However, only MgXe and Mg2Xe locate on the convex hull and therefore are 
stable against the decomposition. Mg-Kr compounds show similar trend, except that the 
required pressure to stabilize them is much higher, around 250 GPa (Figure 2b). By 
calculating the phonon spectra, we find that the structures of certain compounds that are 
stable at the given pressure are also dynamically stable (Figures S4). The effect of the 
zero-point energies on the enthalpy of formation is found to be negligible, less then 
2meV/atom for all the compounds.  
 
Furthermore, we find that temperature can significantly stabilize Mg-Xe and Mg-
Kr compounds.  The enthalpies of formation of MgXe and MgKr as functions of both 
pressure and temperature are presented as contour plots in Figure 2c and 2d. At 1000 K, 
MgXe and MgKr become stable at pressures of 75 and 150 GPa, respectively. Since both 
temperature and pressure increase with depth of earth, our calculations can be used to 
examine the stability of these metal-noble gas compounds at different depth. While 
comparing Figure 2c and 2d with the T, P profiles with earth depth,28 we find that MgXe 
can form in the area that is 1500 km below the earth surface, which is in the lower mantle 
region and is rich in Mg. In contrast, MgKr can only form at about 3000 km below the 
surface which is close to the outcore and the heavier metal elements such as Fe and Ni 
start to dominate. Therefore, we conclude that earth has the capability of capturing Xe but 
not Kr, a noble gas with no report of missing in the earth atmosphere. The reaction of Mg 
with other noble gas is even harder. Our calculations show that Mg and Ar cannot react 
below 300 GPa at 0K.  
 
The origin of the stability of Mg-Xe and Mg-Kr can be revealed by their 
electronic structures. Figure 3a shows the band structure and the projected density of 
states (PDOS) of MgXe at 100 GPa. The Fermi level crosses several bands in the 
Brillouin zone, therefore MgXe should be categorized as an intermetallic compound. 
Interestingly, the states around the Fermi level consist of mainly the Xe 5d states mixed 
in part with Mg 3s and 3p states. This indicates that the charge transfer from Mg 3s to Xe 
5d is the mechanism of forming these compounds under pressure. Using Bader’s 
quantum mechanics atom-in-molecule (QMAIM) charge analysis29 for MgXe at 100 
GPa, we find that the charge transfer is quite large (1.5e per Xe), indicating the 
compound is strongly ionic. The Bader charge is usually much smaller than the nominal 
charge, even for typical ionic compounds. For example, the Bader charge of MgO in 
rocksalt structure at 100 GPa is calculated to be 1.73e, which is only slightly larger than 
the charge transfer in MgXe. The electron localization function (ELF)30 is usually used 
for describing the charge redistribution and the bonding feature of molecules and solid 
materials. Larger ELF values usually correspond to inner shell or lone pair electrons and 
covalent bonds, whereas the ionic and metallic bonds correspond to small ELF values. As 
shown in Figure 3b and 3c, MgXe is quite ionic and there are metallic electrons between 
the Xe atoms. The chemical nature of MgXe compounds is that there is large charge 
transfer from Mg to Xe leading to strong ionic interactions between Mg and Xe. The 
electrons filling Xe 5d orbitals are delocalized in the crystal, making MgXe a 5d metallic 
compound (intermetallic). Other Mg-Xe compounds and Mg-Kr compounds are also 
intermetallic, showing similar features as MgXe in their electronic structures. 
 
Xe and other noble gas elements possess a complete atomic shell, therefore are 
quite inert to chemical reactions. The first Xe compound, Xe[PtF6], was found by 
Bartlett,1 30 years after the theoretical prediction of Xe reactivity by Pauling. Since then, 
many Xe and other noble gas elements compounds are obtained or predicted by reacting 
them with strong oxidizing agents. In all these compounds, the noble gas elements are 
positively charged. In a recent paper, we show by DFT calculations that under moderate 
pressure, Cs can be oxidized beyond +1 state by Fluorine and form CsFn molecular 
crystals. The underlying mechanism is that pressure can alter the energy order of Cs 5p 
and F 2p orbitals and cause the electron transfer and sharing between these states.  
 
The current work shows another effect of pressure, namely reducing a chemical 
species with completed atomic shells. As shown by our calculations noble gas elements 
can be reduced and become negatively charged and form stable intermetallic compounds 
with Mg under pressure. The mechanism of this phenomenon is that the energy of outer 
shell d orbitals (5d for Xe) increases less significantly under pressure as the 3s orbitals of 
Mg. If the pressure is high enough, electrons will transfer from Mg 3s to noble gas d 
orbitals. This effect is more significant for Xe than for Kr and other noble gas elements, 
which is the reason that earth mantle is capable of capturing Xe but not other noble gases. 
We actually have seen that Xe can form stable compounds with Li at a pressure much 
lower than that required for stable Mg-Xe compounds. The effect of the s and d orbital 
ordering under pressure has been observed in experiments for some alkali and alkaline 
metals. For example, the s electrons of K will transfer to the d shell under high enough 
pressure, and K behaves like transition metals with partially filled d bands.31 Because of 
the competition of their own outer shell d orbitals, Xe cannot oxidize late alkali and 
alkaline metals.  
 Method 
To obtain stable structures for Mg-Xe and Mg-Kr compounds, we conducted an unbiased 
structure prediction based on the particle swarm optimisation algorithm as implemented 
in CALYPSO (crystal structure analysis by particle swarm optimisation).20,25 The 
structure predictions were performed using a unit cell containing up to 4 Mg-Xe or Mg-
Kr units and at pressures ranging from 0 to 300 GPa. The underlying ab initio structural 
relaxations and the electronic band-structure calculations were performed within the 
framework of density functional theory (DFT) as implemented by the VASP (Vienna Ab 
initio Simulation Package) code.32 The generalised gradient approximation (GGA) within 
the framework of Perdew-Burke-Ernzerhof (PBE)33 was used for the exchange-
correlation functional, and the projector augmented wave (PAW) potentials34 were used 
to describe the ionic potentials. In the PAW potential for Xe, the 5s, 5p, $5d$ and 6s 
orbitals were included in the valence. The cut-off energy for the expansion of the wave 
function into plane waves was set at 1200 eV, and Monkhorst-Pack k-meshes were 
chosen to ensure that all enthalpy calculations converged to better than 1 meV/atom.  
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 Figure 1. Selected structures of MgXe and Mg2Xe compounds. a. Top view of two 
intercalated square lattices (green-ball and blue-ball lattices). b. MgXe in CsCl structure, 
which is the simplest case of stacked square lattices. c. MgXe in P4/nmm structure. d. 
Mg2Xe in I4/mmm structure. e. Mg2Xe in P4/nmm structure. In figures b. – d., the large 
blue balls and the smaller green balls represent the Xe and the Mg atoms.  
 
 
 
 
 
 
  
 
 
Figure 2. Stability of Mg-Xe and Mg-Kr compounds under high pressures and elevated 
temperatures. a. and b. The enthalpies of formations per atom of Mg-Xe and Mg-Kr 
compounds under a series of pressures. The colors cyan, pink, orange, blue, green, red and 
black represent the results under pressures of 0, 50, 100, 150, 200, 250 and 300 GPa. The 
dashed line connecting points for 300 GPa show the convex hull. The compounds locating on 
the convex hull are stable against decomposition into other compositions. c. and d. the contour 
plots of enthalpy of formation of MgXe and MgKr as function of pressure and temperature.  
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Figure 3. Electronic structure of MgXe in CsCl structure. a. Band structure of MgXe 
under 100 GPa in CsCl structure. b. Projected density of states (PDOS) of MgXe under 
100 GPa and in CsCl structure. The black and red solid lines represent Xe 5p and 5d 
states; the blue and green dashed lines represent the Mg 3s and 3p states. c. and d. The 
calculated electron localization functions (ELF) for MgXe in CsCl structure at 100 GPa 
showing at (100) and (1 -1 0) cutoff planes, respectively.  
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Supplementary Figure S1. More structures of Mg-Xe compounds. a. and b. two 
P4/nmm structures for Mg3Xe. c. P4/nmm structure for MgXe2. d. P4/mmm structure 
for MgXe2. e. I4/mmm structure for Mg3Xe2. f. P4/nmm structure for Mg3Xe2. g. 
P4/mmm structure for Mg3Xe2. h. I4/mmm structure for Mg5Xe2. In all figures, the 
large blue balls and the smaller green balls represent the Xe and Mg atoms 
respectively.  
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Supplementary Figure S2. Lattice constants as function of pressure.  a and b are 
shown as the lattice parameters of the conventional unit cell. c is shown by dividing 
the number of double layers, i.e. the average thickness of every two layers in the 
conventional unit cell. For CsCl structure, a=b=c. For MgXe in P4/nmm structure, 
there are four Mg and Xe layers. c/2 shows the average thickness of every two layers. 
The same is true for Mg2Xe structures.  
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Supplementary Figure S3. Enthalpy of formation of Mg-Xe compounds as 
function of pressure. Upper panel: The enthalpies of formation of MgXe, Mg2Xe and 
Mg3Xe. Lower panel: The enthalpies of formation of MgXe2, Mg3Xe2 and Mg5Xe2. !
!
!
!
0 50 100 150 200 250 300
Pressure (GPa)
-0.5
0
0.5
En
th
alp
y o
f F
or
m
at
ion
 (e
V/
at
om
)
MgXe P4/nmm
MgXe Pm-3m
Mg2Xe P4/nmmm
Mg2Xe I4/mmm
Mg3Xe P4/nmm
Mg3Xe P4/nmm(b)
0 50 100 150 200 250 300
Pressure (GPa)
-0.6
-0.4
-0.2
0
0.2
0.4
En
th
alp
y o
f F
or
m
at
ion
 (e
V/
at
om
)
MgXe2 P4/nmm
MgXe2 P4/mmm
Mg3Xe2 I4/mmm
Mg3Xe2 P4/nmm
Mg3Xe2 P4/mmm
Mg5Xe2 I4/mmm
!!
!
Supplementary Figure S4. The phonon spectra of MgXe and Mg2Xe at 200 GPa. 
a. The phonon dispersion (left) and density of states (right) of MgXe. b. The phonon 
dispersion (left) and density of states (right) of Mg2Xe. The phonon spectra are 
calculated using finite displacement method by combining the features of phonopy 
(http://phonopy.sourceforge.net) and VASP programs.  
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